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Purpose: To explore the pharmacological mechanisms of Liuwei Dihuang Decoction
(LWDHD) against intervertebral disc (IVD) degeneration (IVDD) via network pharmacology
analysis combined with experimental validation.

Methods: First, active ingredients and related targets of LWDHD, as well as related genes
of IVDD, were collected from public databases. The protein—protein interaction (PPI) net-
work, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional enrichment analyses were performed to predict the core targets and pathways of
LWDHD against IVDD. Secondly, the IVDD model of mice treated with LWDHD was
selected to validate the major targets predicted by network pharmacology.

Results: By searching the intersection of the active ingredient targets and IVDD targets, a total of
110 targets matched the related targets of 30 active ingredients in LWDHD and IVDD were
retrieved. PPI network analysis indicated that 17 targets, including Caspase-3, IL-1p, P53, etc.,
were hub targets. GO and KEGG enrichment analyses showed that the apoptosis pathway was
enriched by multiple targets and served as the target for in vivo experimental study validation. The
results of animal experiments revealed that LWDHD administration not only restored the decrease
in disc height and abnormal degradation of matrix metabolism in [IVDD mice but also reversed the
high expression of Bax, Caspase-3, IL-1f, P53, and low expression of Bcl-2, thereby inhibiting the
apoptosis of IVD tissue and ameliorating the progression of IVDD.

Conclusion: Using a comprehensive network pharmacology approach, our findings pre-
dicted the active ingredients and potential targets of LWDHD intervention for IVDD, and
some major target proteins involved in the predictive signaling pathway were validated
experimentally, which gave us a new understanding of the pharmacological mechanism of
LWDHD in treating IVDD at the comprehensive level.

Keywords: intervertebral disc degeneration, Liuwei Dihuang decoction, network
pharmacology, pharmacological mechanisms, apoptosis

Introduction

Low back pain (LBP), a common clinical disease worldwide, seriously lowers
people’s quality of life and happiness index and results in an enormous socio-
economic burden."? Intervertebral disc degeneration (IVDD) has been widely
recognized as a major cause of LBP and the leading cause of disability; however,
the molecular mechanisms of LBP have not yet been fully elucidated.”> Recent
studies indicated that exaggerated expressions of proinflammatory factors such as
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interleukin-1p (IL-1pB), as well as apoptosis, were posi-
tively correlated with the progression of IVDD.*’
Current clinical treatments for IVDD include conservative
treatment and surgical treatment, but they cannot restore or
even reverse the pathological changes of IVDD and are
often limited by side effects.® Traditional Chinese medi-
cine (TCM) herb formulae have the characteristics of
“multi-component, multichannel”, which have their own
advantages and characteristics in personalized treatment
and early intervention.

Liuwei Dihuang Decoction (LWDHD) is a classic pre-
scription for TCM, and clinical practice for thousands of
years has proved that it has very good effects on many
kidney deficiency-induced diseases, including LBP.!°
LWDHD, derived from the “Jingyue Quanshu”, is com-
posed of Rehmanniae Radix Praeparata (Shu Di Huang),
Rhizoma Dioscoreae (Shan Yao), Cornus Olfficinalis (Shan
Zhu Yu), Cortex Moutan (Mu Dan Pi), Alisma Orientale
(Ze Xie), and Poria Cocos (Fu Ling). These six herbs act
synergistically in a variety of ways to help the body regain
its balance and homeostasis. Although some modern phar-
macological experiments have demonstrated that LWDHD
had anti-inflammatory, anti-oxidative, anti-apoptotic and
anti-aging effects,'"'? the underlying comprehensive phar-
macological mechanism of LWDHD on LBP or IVDD
remains obscure.

Due to numerous bioactive components and complex
chemical systems of herbal formulae, it is a challenge to
decipher pharmacological mechanisms with routine phar-
macologic analysis methods.'> With the development of
computer technology and theory of system biology theory,
network pharmacology is an emerging interdisciplinary
subject, which has great advantages in interpreting the
pharmacologic mechanisms of TCM with multiple compo-
nents, targets and pathways, and is extremely commensu-
rate with the holistic philosophy of TCM.'*'¢ By network
pharmacological analysis, Liu et al found 28 compounds
and 421 targets in Huaihua-San formed the main pathways
linked to ulcerative colitis, which revealed the mechanism
of Huaihua-San against ulcerative colitis.'” Similarly, with
the help of network pharmacology, we predicted and ver-
ified the potential pharmacological mechanism of Bu-Yang
herbs for postmenopausal osteoporosis via regulating the
Whnt/B-catenin signaling pathway.'® Therefore, all this evi-
dence indicated that network pharmacology analysis may
be a good tool for exploring the chemical compositions of
LWDHD and its relationships with IVDD.

In this study, the active ingredients of LWDHD were
firstly screened out based on the screening criteria (oral
bioavailability (OB) >30% and drug-likeness (DL) >0.18),
and the potential targets of these active ingredients against
IVDD were identified by the PPI network. Then, the GO
and KEGG functional enrichment analyses were per-
formed to explore the potential signaling pathways of
LWDHD against IVDD. Finally, the major target proteins
involved in the predicted pathway were further validated
in the IVDD model of mice treated with LWDHD.
A flowchart of this research is shown in Figure 1.

Materials and Methods
Screening for Active Ingredients in
LWDHD and Prediction of Their Targets

The active ingredients in LWDHD were screened from the
Traditional Chinese Medicine Systems Pharmacology
(TCMSP) Database and Analysis Platform (http://
tcmspw.com/tcmsp.php)'® by using “Shu Di Huang”,
“Shan Yao”, “Shan Zhu Yu”, “Mu Dan Pi”, “Ze Xie”
and “Fu Ling” as keywords to identify targets related to
LWDHD. And OB > 30% and DL > 0.18 were chosen as

the screening criteria.”® All target names were standar-

dized through the UniProt database (https://sparql.uni
prot.org/).”!

Identification of Potential Targets for IVDD
The potential targets of IVDD were retrieved from Genecards
(https://www.genecards.org/),”> Online Mendelian Inheritance
in Man (OMIM, https://www.genecards.org/),”> DrugBank
(https:/go.drugbank.com/)** and PharmGkb (https:/www.
pharmgkb.org[).25 After eliminating duplicates, the potential
targets for IVDD were identified.

Construction of Ingredient-Target-

Disease Network

The common targets of active ingredients in LWDHD and
potential targets for [IVDD were collected and inputted into
Cytoscape 3.8 software to construct an ingredients-target-
disease interaction network, which visualized and inte-
grated topological parameters. And the importance of
ingredients and targets was determined by degree, which
indicated the total number of routes related to the node by
other nodes. And the higher the degree value, the more

important it was.
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Figure | Integrated flowchart for illustrating the mechanism of LWDHD in the treatment of IVDD includes potential targets identification, PPl network construction,
enrichment analysis, and experimental validation.
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Construction of Protein—Protein

Interaction (PPl) Network

The String database built the functional connections of
a protein network by collecting and integrating all known
and predicted protein functional associations.”® The iden-
tified potential proteins were imported to String (https://
string-db.org/) to obtain corresponding relationships about
protein interactions, and the PPI network was constructed
via Cytoscape 3.8 software. Then, we used CytoNCA
software to identify core proteins based on betweenness
centrality (BC), closeness centrality (CC), degree central-
ity (DC), Eigenvector centrality (EC), local average con-
nectivity-based method (LAC), and network centrality
(NC). And BC, CC, DC, EC, LAC, NC should be greater
than or equal to the median value.'*

Functional Enrichment Analyses

R software, a free software environment for statistical
computing and graphics, was used to perform GO and
KEGG functional enrichment analyses for the key targets.
The GO and KEGG pathway analyses were screened for
P < 0.05. The top 10 items of GO analysis and the top 30
items of KEGG analysis identified from R software were
mapped as bar plots and bubble plots. Finally, a diagram of
signaling pathways predicted by the KEGG analysis and
associated with IVDD was generated by R software.?’

Chemicals and Reagents

Primary antibodies against Aggrecan, Adamts5 and Mmp13
were purchased from Abcam Company Ltd. (Cambridge,
MA, USA), and primary antibodies against Bax, Bcl-2,
Collagen II (Col2) and P53 were ordered from Ruiying
Biological Co. (Jiangsu, China). Primary antibody against
Caspase-3 was from Hua’an Biological Co. (Hangzhou,
China), and primary antibody against IL-1p was obtained
from Bioss Inc. (Boston, MA, USA). Alexa Fluor® 488
rabbit anti-goat IgG (H+L) secondary antibody (green) was

supplied by Zhongshan Jinqiao Biotech Co. (Beijing, China).
TUNEL Bright Green Apoptosis Detection Kit was provided
by Vazyme Biotech Co. (Nanjing, China). The remaining
chemicals were obtained from Sigma-Aldrich (St. Louis,
Mo, USA) unless otherwise stated.

Preparation of LWDHD

Six raw herbs of LWDHD were provided from the phar-
macy department of the first affiliated hospital of Zhejiang
Medical China).

Rehmanniae Radix Praeparata, Rhizoma Dioscoreae,

Chinese University  (Hangzhou,
Cornus Officinalis, Cortex Moutan, Alisma Orientale,
and Poria Cocos were mixed as a proportion of
1.5:1.2:1.2:1:1:1 (w/w). The mixed herbs were immersed
in 8 volumes of distilled water (v/m) for 1 h, decocted for
2 times and 1.5 h each time. Then, the water-based decoc-
tion was concentrated to 0.6 g/mL and stored at —20°C
before use. A voucher of specimen has been deposited at
the First Affiliated Hospital of Zhejiang Chinese Medical

University (Hangzhou, China) (Table 1).

Animals and Experimental Grouping

A total of 24 C57BL/6J mice (8-week-old, 22 + 2 g) were
supplied by the animal center of Zhejiang Chinese Medical
University (Grade SPF, SCXK (Shanghai): 2017-0005).
All of these mice were kept in a specific pathogen-free
animal care facility and housed in an environmentally
controlled room (23 £ 2°C, humidity 50 + 10%, 12 h/12
h light/dark cycle) and had free access to water and lab
chow. All proposals concerning animals were approved by
the Ethics Committee of Zhejiang Chinese Medical
University (2020-KL-159-02), and all laboratory proce-
dures were performed following the Regulations for the
Administration of Affairs Concerning Experimental
Animals approved by the State Council of the People’s
Republic of China.

Table | Detailed Information of Liuwei Dihuang Decoction (LWDHD)

Chinese Name Latin Name Parts Used Place of Origin Voucher Specimen NO.
Shu Di Huang Rehmanniae Radix Praeparata Root Hubei, China 151,301
Shan Yao Rhizoma Dioscoreae Root Henan, China 151,302
Shan Zhu Yu Cornus Officinalis Fruit Shanxi, China 151,303
Mu Dan Pi Cortex Moutan Root Anhui, China 151,304
Ze Xie Alisma Orientale Stem Jilin, China 151,305
Fu Ling Poria Cocos Sclerotium Anhui, China 151,306
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All the mice were randomly and equally divided into 3
groups: Sham group, LSI group, LWDHD group (n = 8 in
each group).

IVDD Modeling and Drug Administration
IVDD model was established by lumbar spine instability
(LSI)-surgery as we previously reported.”® Briefly, the
mice were anesthetized with 1.5% isoflurane (R510-22-
16, RWD Life Science, Shenzhen, China) in 100% oxygen
flowing at 1.0 L/min and placed on the surgical table in
a prone position. Then, a 2 cm longitudinal incision was
made along the midline of the back to expose the lumbar
3rd-5th spinous processes. The spinous processes along
with
resected. Finally, the muscles and skin were sutured suc-

supraspinous and interspinous ligaments were
cessively to allow the mice to recover. Mice in the LSI and
LWDHD groups received the IVDD modeling, while mice
in the Sham group received a similar surgical approach
without manipulating spinous processes.

Three days after LSI surgery, mice in the LWDHD
group were orally administered with LWDHD (0.2 mL/10
g body weight) once a day for 8 consecutive weeks. Mice in
the other 2 groups were given the same dosage of normal
saline. Eight weeks after the LSI surgery, all mice were
euthanized, and the lumbar vertebraec were collected for
further analysis.

Micro-CT Analysis

Before histological processing, the vertebrae fixed with par-
aformaldehyde were analyzed using micro-CT equipment
(Skyscan 1176, Bruker micro-CT N.V., Kontich, Belgium).
And the vertebrae were scanned at a voltage of 50 kV with
a current of 500 pA and a resolution of 9 pm per pixel. The
three-dimensional (3D) reconstruction of the spine was rea-
lized by NRecon v1.6 and CTAn v1.15 software.”’

Histological, Immunohistochemistry (IHC)

and Immunofluorescence (IF) Analyses

After fixation in 4% paraformaldehyde for 3 days, the
tissues were decalcified with 14% EDTA solution
(pH = 7.4) for 21 days, dehydrated and embedded in
The
5-um-thick coronal-oriented sections and stained with

paraffin. lumbar tissues were processed into
hematoxylin—eosin (H&E).”® For IF assay, sections were
incubated with primary antibodies of Aggrecan (diluted
1:300), Col-II (diluted 1:500), Mmp3 (diluted 1:300),

Adamts5 (diluted 1:300), Bcl-2 (diluted 1:300), Bax

(diluted 1:300), Caspase-3 (diluted 1:300), P53 (diluted
1:500), IL-1B (diluted 1:500) at 4°C overnight. For IHC
analysis, secondary biotinylated goat anti-rabbit antibody
(diluted 1:1000) (Invitrogen) was added for 30 min the
following day. A diaminobenzidine solution (Invitrogen)
was used to detect IHC staining, followed by counter-
staining with hematoxylin. For IF analysis, secondary
goat anti-rabbit antibody conjugated with fluorescence
(diluted 1:1000) was added for 30 min the next day. The
number of positive cells was calculated in a blinded man-
ner with Image-Pro Plus 6.0 (Media Cybernetics, Silver
Spring, MD, USA) as we previously described.?

TUNEL Assay

The TUNEL Bright Green Apoptosis Detection Kit
(Vazyme Biotech, Nanjing, China) was used to detect
apoptosis of IVD cells as we previously described.” All
operations were performed in accordance with the manu-
facturer’s instructions. Using Image-Pro Plus 6.0 (Media
Cybernetics, Silver Spring, MD, USA), the number of
positive cells was quantified by using three sections from
each sample in three randomly selected fields of view. The
total number of cells was estimated by DAPI staining.

Statistical Analysis

All numerical data were presented as median (min-max).
SPSS statistical software package (SPSS 19.0 version; SPSS
Inc., Chicago, Illinois, USA) was used for statistical analy-
sis. Significant differences were analyzed by non-parametric
Kruskal-Wallis test followed by Dunn’s multiple compari-
sons test. P < 0.05 was considered statistically significant.

Results
Active Ingredients in LWDHD and Target

Prediction

By retrieving the TCMSP database and meeting the screening
criteria (OB > 30% and DL > 0.18), a total of 74 active
ingredients of LWDHD were selected, including 2 from Shu
Di Huang, 20 from Shan Zhu Yu, 16 from Shan Yao, 11 from
Mu Dan Pi, 15 from Fu Ling, and 10 from Ze Xie.
Subsequently, a total of 584 potential targets of LWDHD
were retrieved from the TCMSP database, containing 34
types in Shu Di Huang, 130 types in Shan Zhu Yu, 144 types
in Shan Yao, 237 types in Mu Dan P4i, 30 types in Fu Ling, and
9 types in Ze Xie. After filtering out duplicate targets, a total of
190 targets were preserved for further research.
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4915

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al

Dove

Potential Targets Prediction of IVDD

By searching for research reports related to IVDD in 4
databases, 770 targets of IVDD were obtained from the
GeneCards database, 118 targets of [IVDD were obtained
from the OMIM database, 1948 targets of IVDD were
retrieved from the PharmGkb database, 9 targets of IVDD
were obtained from the DrugBank database. After expurgat-
ing duplicates, a total of 2519 targets were stored, which were
closely related to the occurrence and development of IVDD.

Ingredient-Target-Disease Network

To identify the intersection of LWDHD target genes and
IVDD target genes, the Venn diagram analysis was carried
out. As shown in Figure 2A, a total of 110 target genes were
identified, which matched with the related targets of 30 active

ingredients. Then, to elucidate the relationship between active
ingredients and potential targets as well as IVDD, an ingre-
dient-target-disease network was constructed by Cytoscape
3.8 software, consisting of 140 nodes and 250 edges
(Figure 2B). The top 10 key active ingredients of LWDHD
in the treatment of IVDD are enumerated in Table 2.

PPl Network Construction and Key

Targets

To identify the core proteins of LWDHD intervention for
IVDD, a PPI network with 109 nodes and 1753 edges was
constructed using String database after removal of one target
that was not linked to the other targets (Figure 3A). Then,
we used the CytoNCA to calculate topological parameters,
and screen the core proteins in two steps based on the
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Table 2 The Top 10 Key Active Ingredients of Liuwei Dihuang Decoction in the Treatment of IVDD
Molecular ID Ingredient Degree Source OB(%) DL
MOL000098 Quercetin 86 Mu Dan Pi 46.43 0.28
MOL000422 Kaempferol 31 Mu Dan Pi 41.88 0.24
MOL000358 Beta-sitosterol 20 Shan Zhu Yu 3691 0.75
MOL008457 Tetrahydroalstonine 17 Shan Zhu Yu 3242 0.81
MOL000322 Kadsurenone 12 Shan Yao 54.72 0.38
MOL000449 Stigmasterol 12 Shu Di Huang, 43.83 0.76
Shan Yao,
Shan Zhu Yu
MOL000546 Diosgenin 12 Shan Yao 80.88 0.8l
MOL005430 Hancinone C 10 Shan Yao 59.05 0.39
MOL000296 Hederagenin 8 Fu Ling 36.91 0.75
MOL005465 AIDS180907 6 Shan Yao 45.33 0.77

thresholds of BC, CC, DC, EC, LAC, and NC. In the first
step, BC, CC, DC, EC, LAC and NC should be greater than
or equal to 30.37169029, 0.5625, 28, 0.080398135,
21.26666667 and 22.95852281, respectively. In the second
step, BC, CC, DC, EC, LAC and NC should be greater than
or equal to 5.520157823, 0.866666667, 33, 0.157315858,
28.24242424 and 30.735145735, respectively (Figure 3B).
Consequently, a total of 17 core proteins were identified,
including Caspase-3, IL-1B, P53, CCL2, MAPKS, JUN,
PTGS2, AKT1, MMP9, CXCLS8, EGFR, EGF, MMP2,
MAPKI1, VEGFA, MYC, FOS, which were closely related
to IVDD (Figure 3C).

Functional Enrichment Analysis

Next, to investigate the potential signaling pathways or bio-
logical processes regulated by LWDHD, the GO and KEGG
functional enrichment analyses were carried out based on the
potential targets of LWDHD. The results of GO analysis

showed that the 110 genes were enriched in 2321 GO entries
(P < 0.05), including 2111 biological progress (BP), 59
cellular components (CC) and 151 molecular functions
(MF), and the top 10 entries of BP, CC and MF are shown
in Figure 4A. BP analysis showed that potential targets were
primarily focused on the response to oxygen levels, response
to lipopolysaccharide, response to molecule of bacterial ori-
gin, etc., while CC analysis showed that potential targets were
primarily focused on membrane raft, membrane microdo-
main, membrane region, etc. In addition, MF analysis showed
that potential targets were primarily focused on G protein-
coupled amine receptor activity, DNA—binding transcription
factor binding, protein heterodimerization activity, etc.

To analyze the representative pathways related to the
core targets, the KEGG enrichment analysis was carried
out, and the corresponding results revealed that a total of
163 significantly enriched signaling pathways were
obtained (P < 0.05). The 30 most significant KEGG
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Figure 3 PPl network and cluster analysis of the disease targets. (A) PPl network of potential targets of Liuwei Dihuang decoction (LWDHD) for the treatment of IVDD.
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from (B) based on BC, CC, DC, EC, LAC, NC.

Drug Design, Development and Therapy 2021:15

4917

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

A response to oxygen levels. )
response to nutrient levels [ ]

response to ipopolysaccharide |

response to molecule of bacterial origin

response to hypoxia

response to decreased oxygen levels

response to drug

celular response to chemical stress
response to metal ion [ )
response 10 reactive oxygen species [ ]

membrane raft

‘membrane microdomain {

membrane region
ranscription regulator complex ° de-05
caveola ° 5005
plasma membrane raft )
RNA polymerase Il transcription regulator complex e Gount
serine/threonine protein kinase complex L] . 2
protein kinase complex . o~
cyclin-dependent protein kinase holoenzyme complex{ @

DDNA-binding transcription factor binding [ ]
protein heterodimerization activity °
RNA polymerase ll-specific DNA-binding transcription factor binding [ ]
ubiquitin-like protein ligase binding ()
cytokine receptor binding °
G protein-coupled amine receptor activity L]
heme binding .

nuclear receptor activity °
ligand-activated -

transeripton !acmr activity
tein-coupled
neurotransritr receptor ctviy

02
GeneRatio

B PI3K-Akt signaling pathway [ ]|
AGE-RAGE signaling pathway in diabetic complicalions'
Ka Hej aml? %
posi sarcoma-aseociate
Human cytomedaioviris IfeElisn @
Fluid shear stress and atherosclerosis { ()
Prostate cancer-
Hepatitis C
Epstein-Barr virus infection
Proteoglycans in cancer
Pancreatic cancer
Endocrine resistance | 8.0e-12
Measles
Human T—cell leukemia virus 1 infection
Small cell lung cancer
TNF signaling pathway
Apoptosis | Count
Breast cancer @ 16
Influenza A @
Colorectal cancer:
1L-17 signaling pathway @ =
HIF-1 signaling pathway . 28
Relaxin signaling pathway
Cellular senescence {
Bladder cancer [ ]
Non-small cell lung cancer:
Chagas disease
Th17 cell differentiation {
Chronic myeloid Ieukemla
EGFR tyrosine kinase inhibitor

qualue

4.0e-12

12011

0.16 0.20 0.24
GeneRatio

Cc

S —

-1

SmhErt L
futubuta]

e
Nl blr (41—

o ol
ot pe ity
[mire }—

THE sgaling
iy

e Apopinss

o Loss almgriyor e

i i

—— v
=y

— & — > DA fagrentaton

I
e inchondss |

i
med ated) pathoray mm v [oueco)
A N |
\, vl ] |
/ % e i o
o P
£

e
oty

o= franed
. e — Apopiusome -m (o] (5oa)
|
[ /\\ S (] (o)
Caed

Mocchordion  (NEA] [P | |

Data on KEGG graph
Rendored by Pathview

Figure 4 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional analysis. (A) The top 10 of GO enrichment analysis (BP represented
biological progress of core targets. CC represented cellular components of core targets. MF represented the molecular function of core targets.) (B) The top 30 signaling
pathways from KEGG analysis. (C) The apoptosis signaling pathway was described detailedly. The larger the nodes, the darker the color, and the more genes were enriched.

4918 e Drug Design, Development and Therapy 2021:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Zhang et al

signaling pathways closely related to IVDD were listed,
including AGE-RAGE signaling pathway, IL-17 signaling
pathway, and apoptosis pathway (Figure 4B). Among
these enriched pathways, we found that apoptosis played
an important role in IVDD, and the predictive targets of
apoptosis were shown in detail in Figure 4C.

LWDHD Ameliorates the Progression of
Mouse IVDD Model Induced by LSI
Surgery

To further verify the key pharmacological mechanism of
LWDHD in the treatment of IVDD as predicted by the
network pharmacology analysis in the in vivo animal
experiments, [IVDD model mice were constructed and
administered intragastrically with LWDHD (Figure 5A).
The L4-L5 disc heights of IVDD mice were evaluated by
micro-CT analysis at 8-week after LSI surgery. As shown
in Figure 5B and C, the disc height of LSI-induced mice
was significantly reduced compared with sham mice, and
the disc heights of IVDD mice were significantly restored
by treatment with LWDHD. Then, the histological changes
of L4-L5 IVD were examined by H&E
Consistent with micro-CT results, IVDD mice exhibited

staining.

ectopic bone formation in cartilaginous endplate (CEP),
shrinkage in nucleus pulposus (NP), combined with fis-
sures and folds in annulus fibrosus (AF). The administra-
tion of LWDHD significantly reduced the ectopic bone in
CEP, and fissures and folds in AF (Figure 5D and E).

To examine the effects of LWDHD on IVD matrix meta-
bolism, protein levels of Aggrecan, Col2 and corresponding
matrix-degrading enzymes Adamts5 and Mmp13 were deter-
mined by IHC analysis. As we expected, Aggrecan and Col2
were significantly decreased, and Mmp13 and Adamts5 were
dramatically increased in IVDs of IVDD mice. However,
LWDHD treatment significantly reversed these alterations
in IVDD mice (Figure SF-J). All these findings suggested
that LWDHD administration significantly attenuated the pro-
gression of IVDD.

LWDHD Inhibits Apoptosis of IVD Cells
in IVDD Mice

The prediction results of the above network pharmacology
analysis showed that LWDHD affected a large number of
targets involved in the apoptotic process, including
Caspase-3, and P53. Therefore, we further validated the
expression changes of these indicators and apoptosis-
related markers (Bcl-2 and Bax) by IHC or IF analysis.

The results of IF analysis showed that Bcl-2 was signifi-
cantly decreased, whereas the expression of Bax and
Caspase-3 were dramatically increased in AF, NP and
CEP regions of IVDD mice (Figure 6A-H). LWDHD
significantly reversed these alterations of Bcl-2, Bax and
Caspase-3. Similarly, the IHC results of P53 also showed
that P53 was markedly increased in AF and NP regions of
IVDD mice, which was significantly blunted by LWDHD
treatment (Figure 61-K). In addition, the apoptosis of [IVD
cells was further confirmed via TUNEL staining. We
found that the increase in apoptosis rate observed in IVD
cells of IVDD mice was largely suppressed by treatment
with LWDHD (Figure 60-P). All these findings indicated
that LWDHD inhibited apoptosis of IVD cells and ame-
liorated IVDD progression by regulating apoptosis-related
targets, such as Caspase-3 and P53.

Growing evidence also showed that, in addition to apop-
tosis, inflammation stimulation contributed to the acceleration
of IVDD progression.”” IL-1p is the most important member
of the IL-1 family and has a strong pro-inflammatory activity
by stimulating the secretion of multiple pro-inflammatory
mediators. IL-1p is highly expressed in degenerative interver-
tebral disk (IVD) tissues and cells, and it has been shown to be
involved in multiple pathological processes during disk degen-
eration, including inflammatory responses, matrix destruction,
cellular apoptosis, etc. We examined the expression changes of
IL-1P by IHC analysis and the corresponding results showed
that IL-1p were markedly increased in AF and NP regions of
IVDD mice, which was significantly blunted by LWDHD
treatment (Figure 6L—N).

Discussion
LBP is a clinical common symptom syndrome, characterized
by axial pain and restricted movement of the lumbar,*'?
which provokes tremendous burdens on the health care sys-
tem worldwide.>* LWDHD, a renowned traditional Chinese
herbal compound, has been proven to be therapeutically
effective in treating LBP due to its privileged properties.”
However, the molecular mechanism of LWDHD on IVDD
remained largely elusive, which greatly restricted its moder-
nization and internationalization.'® The network pharmacol-
ogy, an innovative method, systematically detected the
mechanisms of the effects of traditional Chinese medicine
(TCM) on many types of diseases.'* In this study, the effects
and underlying pharmacological mechanisms of LWDHD
against IVDD were investigated based on network pharma-
cology analysis coupled with experimental validation. The
identified related potential

network analysis targets
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(Caspase-3, IL-1B, P53) and specific signaling pathways
(particularly the apoptosis signaling). Then, the in vivo
mouse IVDD model validation further confirmed that
LWDHD inhibited apoptosis and inflammation of IVD tissue
and ameliorated the progression of IVDD.

Identification of active ingredients in the formulation
provides a new way to explore the mechanisms of treating
diseases with TCM.'*** In this study, we found that the
top key active ingredients included quercetin, kaempferol,
etc. A previous study performed on the rat IVDD model
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reported that quercetin could alleviate the progression of
IVDD.*® Recent literature has also documented that
kaempferol attenuates IVDD progression due to its unique
anti-inflammatory properties.’” Thus, all these findings
indicated that multiple components in LWDHD played
considerable roles in the treatment of IVDD.

To decipher the basic mechanisms of LWDHD against
IVDD, the core targets were identified and used for net-
work pharmacological analysis. In the present study, the
core targets of active ingredients of LWDHD were identi-
fied by the PPI network including Caspase-3, IL-1B and
P53, which were closely involved in the apoptosis process.
Caspase-3 is the primary effector of apoptosis, and it is
also the therapeutic target for regulating IVDD.?® Gene
silencing of Caspase-3 by siRNA or ablation of Caspase-3
could effectively prevent cell apoptosis and death of IVD,
thereby ameliorating IVDD.** Moreover, as an apoptosis
marker, elevated P53 stimulates apoptosis of nucleus pul-
posus cells and accelerates IVDD progression.*’ Previous
clinical research revealed that the level of IL-1B in the
IVD of IVDD patients was significantly elevated.'
Mechanism study demonstrated that IL-18 accelerated
the production of Caspase-3, P53 and Bax in IVD but
reduced the production of anti-apoptotic proteins Bcl-2
as well as matrix proteins Col2 and aggrecan.**** All
these findings demonstrated that Caspase-3, P53 and IL-
1P were of great significance in the development of IVDD.

At present, the pharmacological mechanism of
LWDHD against IVDD is still limited. Network target
and signaling pathway could perfectly decipher sophisti-
cated interactions between diseases with chemical ingre-
dients in TCM, including LWDHD. KEGG enrichment
analysis indicated that the AGE-RAGE signaling pathway,
IL-17 signaling pathway, and apoptosis pathway were the
potential pathways involved in the intervention of
LWDHD for IVDD. Numerous basic studies indicated
that apoptosis played a crucial role in the physiological
and pathological processes of IVD.***> Exceeding apop-
tosis decreased the production of extracellular matrix in
IVD and accelerated the pathogenesis of IVDD.*¢ In vivo
and in vitro evidence suggested that inhibition of apoptosis
was an efficient strategy to prevent the death of IVD cells
and ameliorate the progression of IVDD.**® Consistent
with these findings, evidence from our in vivo animal
studies showed that LWDHD significantly reversed the
increased expression of Bax, Caspase-3, P53 and IL-1,
as well as the increased TUNEL positive rate in IVD

tissues of IVDD mice. All these findings uncovered the
possible mechanisms of therapeutic effects of LWDHD on
IVDD or LBP are to regulate the aberrant expression of
apoptosis-related proteins and reduce increased DNA
damage, thereby weakening the apoptosis of IVD tissue
to ameliorate the progression of IVDD. LWDHD could
treat IVDD via ‘multi-ingredients, multi-target, multi-
pathway mode.

However, there were some limitations in the study.
First, we paid more attention to the components and tar-
gets at the top of the list, while ignoring the components
and targets at the back of the list, which may lead to
a slight deviation of study results. Secondly, experimental
validation of predicted targets and pathways was relatively
limited. We chose to verify only the crucial role of the
apoptosis pathway in the treatment of IVDD with
LWDHD, while other predicted important targets and
pathways require further experimental verification in the
future.

Conclusion

In summary, to explore the pharmacological mechanisms
of LWDHD against IVDD, network pharmacology analy-
sis and in vivo experimental validations were carried out.
The network pharmacological analysis predicted that
LWDHD exerted its therapeutic effects against IVDD via
regulating multiple ingredients, targets and pathways. The
animal experiments confirmed that the mechanism of
LWDHD treating [IVDD was to inhibit the apoptosis of
IVD cells through regulation of Caspase-3, P53 and IL-1p,
thereby improving the progression of IVDD. Taken
together, this study provides an optimized approach for
elucidating the pharmacological mechanisms of LWDHD
and supplying novel targets for the treatment of IVDD.
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